The cylindrical orthotropy, inherent timedependency response, and variation between and within samples make the stiffness characterisation of wood more challenging than most other structural materials. The purpose of the present study is to compare static loading with resonant ultrasound spectroscopy (RUS) and to investigate how to combine the advantages of each of these two methods to improve the estimation of the full set of elastic parameters of a unique sample. The behavior of wood as an orthotropic mechanical material was quantified by elastic engineering parameters, i.e. Poisson's ratios and Young's and shear moduli. Recent and waterlogged archaeological oak impregnated with polyethylene glycol (PEG) from the Vasa warship built in 1628 was in focus. The experimental results were compared, and the difference between RUS and static loading was studied. This study contributes additional information on the influence of PEG and degradation on the elastic engineering parameters of wood. Finally, the shear moduli and Poisson's ratios were experimentally determined for Vasa archaeological oak for the first time.
Introduction
The modulus of elasticity (MOE) is a good parameter for the grading of wood. It is obtained from bending tests on large wooden beams. In a more careful design of wood structure, the full orthotropic set of elastic parameters is needed (Tsoumis 1991; Smith et al. 2003 ), e.g. for the finite-element modelling of wood joints that are locally subjected to a triaxial stress state. The most straightforward way of obtaining the elastic properties is through quasi-static loading, where the load is applied at a very slow rate to avoid any dynamic effects (Kollmann 1968) . The absolute values obtained are then close to the most common conditions prevalent in the first design step. For the Young's moduli, tensile testing of "dog-bone" specimens in the longitudinal (L), tangential (T), and radial (R) directions is preferred, because a uniaxial and homogeneous stress state is achieved in the gauge length (Ozyhar et al. 2013) , but sample matching is not guaranteed. For precious wood material, e.g. archaeological wood, it is often better to investigate cubic samples loaded in compression, as a single sample can be loaded elastically by applying load consecutively in all three directions (Ljungdahl and Berglund 2007) , if loading is restricted to the reversible elastic region. Thus, material can be saved, and measurements are made on the same sample. A disadvantage of this approach is that the evaluation of data obtained from pure compressive stresses is more complicated due to the inhomogeneous distribution of the applied compressive force due to geometrical imperfections in the test specimen (Toftegaard 1999) .
In addition, barrelling formation in compressive loading, due to the more or less restrained contact slip on the platen area, makes it difficult to assess the transverse deformations without finite-element modelling. The Poisson's ratios are thus more difficult to deduce directly from this kind of loading. Strain field measurements by digital image correlation (DIC) are often required to estimate the stiffness parameters accurately (Dahl and Malo 2009; Majano-Majano et al. 2012; Xavier et al. 2012; Ozyhar et al. 2013 ). In addition, the cylindrical orthotropy and curvature of the annual rings make the stress field even more non-uniform for large specimens. For too small specimens, the tested volume may not be representative, leading to a large scatter and uncertainty in the measured stiffness. Nevertheless, compression testing of wooden cubes is the reasonable choice of test method if the amount of available material is limited. Shear testing is generally more complex. However, the same cubic samples can also be used to characterise the quasi-static shear moduli in a test rig designed to induce a state close to pure and homogeneous shear over a relatively large volume in the center of the specimen (Hassel et al. 2009 ). Again, the cubic shape allows for testing in all three material directions if the loading is restricted to the reversible elastic region.
Ultrasound (US) transmission measurements (Bucur 2006 ) are a fast and cheap alternative for estimating the diagonal terms of the elastic compliance or stiffness tensor, but very high frequencies are needed (usually in the order of some MHz) compared to quasi-static tests. The accurate determination of the Poisson's ratios using this technique is not trivial (Gonçalves et al. 2011 (Gonçalves et al. , 2014 Vázquez et al. 2015) . Moreover, anatomic variation can limit the accuracy, because wood cells, vessels, rays, latewood/earlywood (LW/EW) layers, etc., can be comparable in size with the US wavelength. Finally, the elastic quantity (i.e. elastic modulus or compliance) measured by means of longitudinal US waves is still not clear for geometry such as a cube (Gonçalves et al. 2011; Rakotovololonalimanana et al. 2015; Vázquez et al. 2015) .
An alternative, quite recent method in wood science, is resonant ultrasound spectroscopy (RUS) that relies on the mechanical resonances of samples that have simple geometrical shapes (typically cubic, cylindrical, or spherical) to measure the elastic tensor (Migliori et al. 2001) . The basic idea behind this method is first to measure as much as possible the natural resonant frequencies and associated mode shapes of the wooden sample. The possibility of quickly measuring mechanical properties without any direct contact is attractive. The application of RUS to wood was first proposed by Schubert et al. (2006) for the determination of one shear modulus. Longo et al. (2012 Longo et al. ( , 2014 showed that all the components of the elastic tensor of wood material may be measured on a single specimen. Although the method is performed under dynamic conditions, all the necessary stiffness parameters may be obtained for triaxial stress analysis. RUS gives the dynamic stiffness at intermediate frequencies (i.e. typically around some hundreds of kHz), so the strain rate is more than 5 orders of magnitude higher during RUS experiments than in the static compression test, but it has the already mentioned advantage of theoretically yielding the full elastic tensor and of being faster than a compression test. For RUS, tens of minutes are usually needed for only two sample orientations compared to at least nine different experiments in a compression test, which thus required a full working day per sample. The RUS approach on wood is not, however, sufficiently robust up to now, especially for the determination of the Poisson's ratios and the longitudinal Young's modulus (Longo et al. 2014) .
The basic idea presented in the present paper is that the advantages of the two methods can be combined.
The absolute values of the axial Young's modulus and the Poisson's ratios are first determined from static compression testing, and the relative values of the remaining elastic parameters are then derived from RUS. The hypothesis is that the combination of the data sets would permit a robust inverse identification of the full elastic tensor with a single wood sample. To test this hypothesis, recent oak (Quercus robur L.) samples were investigated together with precious archaeological wood material from the 17 th century Vasa warship (Cederlund and Hocker 2006) . The elastic, ultimate, and creep properties of Vasa oak are required for stress analysis to design a better support structure for the ship. The waterlogged Vasa oak has been impregnated with polyethylene glycol (PEG) to prevent cracking and deformation during drying. Both the aging (Bjurhager et al. 2012 ) and the PEG impregnation (Ljungdahl and Berglund 2007; Bjurhager et al. 2010 ) have affected the mechanical properties. In this work, the static and dynamic elastic properties of recent and Vasa oak were ascertained by means of a quasi-static compression test and RUS, and the diagonal terms of the elastic stiffness tensor were confirmed by US transmission measurements.
Materials and methods
Specimens: A compromise must be made between the limited availability of material (small samples preferable) and specimen representativeness (large samples preferable compared to the ring width). For the RUS and the static tests, a total of four cubic samples in total were taken from a block of Vasa material and from a recent oak log as reference. The Vasa material (reference number 65742) is from the keel structure of the ship where holes were made for ventilation. Samples with annual rings having a large radius of curvature were chosen to ensure relatively uniform material directions within the cube. All faces of the cubes were machined to give edges of 25±0.05 mm. The size of the sample was chosen to be larger than the sample heterogeneity, i.e. an average ring width of around 1.5-2 mm. The size of a sample strongly influences the frequencies at which its normal modes occur (Migliori et al. 2001; Zadler et al. 2004) , and most of them, especially the lowest ones, must fall within the measurement range and be compatible with the excitation capabilities of our RUS device (frequencies up to a hundred kHz). Finally, the sample side length must be greater than the higher US wavelength in the US transmission measurements (Bucur 2006; Vázquez et al. 2015) , i.e. around 5 mm for the 1-MHz longi tudinal transducer in the L direction. Care was taken to machine the samples with the surfaces oriented as closely as possible along the longitudinal (L), radial (R), and tangential (T) anatomical axes, as shown in Figure 1a . However, in some cases, the misalignment can locally be up to 20° in the RT plane ( Figure 1a ). Before testing, the specimens were conditioned in a desiccator at 22°C and 55% RH until equilibrium was achieved. The specimens were weighed before and after each experiment to ensure that they had similar moisture contents (MCs) for all the measurements.
Static testing:
The static tests were performed on a Shimadzu Autograph AG-X universal testing machine (Tokyo, Japan) with a 10-kN load cell. Initial tests were conducted on dummy wood specimens in order to find the approximate elastic loading range for all specimen orientations. The compression test was repeated twice on each specimen in each L, R, and T direction ( Figure 1a ). Both loading and unloading cycles were recorded as shown in the example in Figure 2 . The Young's modulus was determined from the unloading part, as slight surface irregularities of the sample or loading platen are likely to induce local plasticity during the loading part and an increase in the contact area between the sample and the platen. During the unloading, however, these effects should be stabilised, and the contact area should be close to the whole surface area reached at the maximum load in the elastic region. Conventionally, strains are measured by a built-in measurement system or strain gauges. Nowadays, full field strain measurement techniques such as digital speckle photography (Sjödahl and Synnergren 1999) or three-dimensional/stereo-DIC (Majano-Majano et al. 2012 ) are increasingly common. Strain measurement by DIC has shown good performance in comparison with traditional strain gauges (Huang et al. 2010; Xavier et al. 2012 ). In our case, full-field displacements were observed with a DIC equipment GOM Aramis stereo system 5M ( Braunschweig, Germany). The distance from the measured object was 300 mm. Each surface of the specimen was spray painted with speckles for better contrast. The applied force values were continuously recorded by the DIC system during testing, and these values were stored together with the sampled images. The displacement rate was 0.5 mm min The ambient conditions were 23°C and 51% RH. All tests were performed without delay after the samples have been removed from the conditioning chamber, so that the mc would essentially be the same after conditioning. The measurement sampling frequency was 1 Hz. Every frame recorded by the DIC system was compared with the undeformed state in order to calculate the displacement and strain fields. The area of interest (a centered square of 400 mm 2 ), where a uniform deformation field was found, was subjected to image analysis. The acquired strain fields were smoothed by averaging each data pixel with the surrounding pixels in a 3 × 3 array. The applied stress was plotted against the strain determined by DIC in the loading direction (Figure 2 ).
Poisson's ratios ν ij for all the corresponding orthotropic planes were calculated as a negative ratio between the average transverse ε jj (passive) and normal ε ii (compressive and active) strains. The average transverse and normal strains measured together with normal strains were acquired with the DIC technique.
The shear moduli G RL , G TL , and G RT were measured on a single sample, oriented for each corresponding symmetry planes RT, LT, and LR, in the test rig called single cube apparatus (SCA) proposed by Hassel et al. (2009) . The SCA gives rise to an almost pure shear strain state in the center of the specimen that requires the analysis of full field strain. In the original study, the device was proposed for cubes with quadratic cross-sections of 40 × 40 mm 2 . Because of the limitation in size of archaeological samples and the requirements for the RUS measurements, the grips were modified for smaller cross-sections of 25 × 25 mm 2 , as shown in Figure 1c . The shear testing rig was placed in the same Shimadzu mechanical testing machine, where the displacement rate was 1 mm min -1 . Preliminary tests were carried out on recent oak dummies to determine the approximate elastic regime and the onset of yielding for the different shear planes. The displacement fields were registered with DIC, where images were taken at a frequency of 1 Hz. From the displacement fields, the strain fields for the normal strains ε yy and ε xx and for shear strain ε xy were derived. An example of the strain field is shown in Figure 1d for ε xy shear strain in the RL plane. Hassel et al. (2009) described the procedure for choosing a suitable region for determining shear strains to estimate the shear modulus.
RUS: The method has been described by Longo et al. (2012 Longo et al. ( , 2014 . The specimen was excited by a piezoelectric ultrasonic transducer Panametrics V110RM (Olympus, Tokyo, Japan) and a specific multi-harmonic signal generated by an arbitrary wave generator Agilent 33220A (Santa Rosa, CA, USA), which was connected to the specimen corner with a honey droplet as shown in Figure 1b . This multi-harmonic signal makes possible the fast and simultaneous measurement of all the measured frequencies without any sweep. A chosen face of the excited cube, covered by a reflective tape, was scanned point by point by means of a laser velocimeter Polytec OFV-505 (Waldbronn, Germany) equipped with two-step motors Physik Instrumente (Karlsruhe, Germany) and driven by National Instruments (Austin, TX, USA) Labview software, and the mode shape at each resonance frequency was obtained. The global frequency range is typically between 5 and 150 kHz, depending on the laser acquisition card measurement range and the excitation capabilities. Generally, 40 × 40 point maps were recorded. In order to increase the signal-to-noise ratio, around 150 frequency signals were acquired and averaged at each measurement point. As an example, one of the frequency spectra is presented in Figure 3 . For each frequency found in the multi-harmonic excitation signal, the amplitude of the Fourier transform and the phase shift were computed to yield the out-of-plane amplitude of the displacements for each measured point on the cube surface. For a given resonance frequency, its spatial evolution represents exactly the mode shape. The first six measured and identified mode shapes for the recent oak material are presented in Figure 4 as an example. The elastic constants were identified using a home-made Matlab (Mathworks, Natick, MA, USA) procedure for the comparison of measured and computed resonance frequencies and mode shapes (Longo et al. 2014) . The inverse problem is solved iteratively and needs initial guesses for the elastic constants that must be relatively close to the sought solution. The initial elastic stiffness tensor introduced here for the reference samples was obtained from Guitard's regression from the sample density (Guitard and El Amri 1987) . This was not possible for the Vasa material due to the presence of PEG. As no reference shear moduli values exist for the Vasa material, the US transmission method was applied to obtain the initial value of the diagonal terms of the elastic stiffness tensor. The off-diagonal terms were computed so that the Poisson's ratios matched the data obtained by the Guitard regression.
US transmission measurements:
This method makes it possible to estimate the diagonal terms of the elastic stiffness tensor considering the geometry of a sample with a small aspect ratio such as a cube (Bucur 2006; Rakotovololonalimanana et al. 2015) . Two types of US waves were used: longitudinal waves (Panametrics V103 transducers, Olympus, Tokyo, Japan) and shear waves (Panametrics V151 transducers, Olympus, Tokyo, Japan). For each shear modulus, two velocities were measured because the shear waves are polarised, and they were always almost equal. To improve the S/N ratio, 50 transmitted signals captured by the receiving transducer were acquired 100 times by means of a digital oscilloscope LeCroy WaveJet 334 (Teledyne, New York, NY, USA), and the data were averaged. From the mean thickness of the sample in the wave propagation direction and the signal transmission times (obtained with the two transducers directly in contact), the US velocity was deduced. From the sample density and the velocity of longitudinal and transversal waves through the wood sample, the diagonal terms of the elastic stiffness tensors were estimated.
Results and discussion
As only two specimens of each kind of sample were tested, no reliable statistical analysis could be performed. Thus, only half the measurement range (HMR) values (as a rough approximation of the standard deviation) are reported together with an estimate of the mean value in Figure 5 and Tables 1 and 2 .
Recent oak
In the recent oak sample, the mean value of the longitudinal elastic modulus E L obtained by RUS was 0.6 GPa higher (+4%) than the static one for an HMR of 0.4 GPa and 0.6 GPa, respectively ( Figure 5a and Table 1 ). There are no significant differences between static and RUS measurement data. The same is true for the transverse elastic modulus E T with an almost similar trend but slightly greater differences. For the radial elastic modulus E R , the mean RUS value is 0.7 GPa higher (+26%) than the static one for half range measurements of 0.58 and 0.15 GPa. This difference between RUS and compression test could be significant, but the apparently less accurate RUS results must be confirmed by additional measurements. The slightly greater differences in the R and T mean values than in the L direction mean values can probably also be explained by the growth ring curvature and greater sample misalignment in the RT plane. This hypothesis must be assessed in a future work.
No general trend can be observed in the shear moduli ( Figure 5b and Table 1 ) between the RUS and static mean values, with a difference of up to +0.28 GPa (+29%) for G LT compared to an HMR close to 0 GPa for RUS and around 0.3 GPa for the compression test. HMRs are high (up to 45% of the mean value for G LT ) for the compression test compared to the RUS test (up to 6% of the mean value for G LR ). This difference can be due to weaknesses in the static shear testing technique, where a manual identification of the pure shear area on the sample surface is required. This area is very limited in volume compared to that of the whole sample, and its width can be close to the ring width (Figure 1d ). Some scatter can also be induced by the heterogeneity, which can be considerable for hardwood in the R and T directions (Hepworth et al. 2002) . The area for strain characterisation in a static test can thus be affected by the variation in structural morphology, e.g. number of annual rings, ring curvature, and alignment of wood fibres, which lead to scatter in the estimated elastic properties. Microcracks in the LT plane were observed during the static shear test on one sample, and this can explain the particularly high HMR for G LT in the static test and the greatest difference in mean value from those obtained by RUS and US transmission. The microcracks probably did not influence the results of compression tests because the loading tends to close those that are perpendicular to the crack plane for E R measurement in the present case. In contrast, the first measured modes in RUS are particularly sensitive to the shear moduli that are then more reliably identified (Schubert et al. 2006; Longo et al. 2014 ). This explains the lower HMRs in that case and the good agreement with the US transmission values. It also appears that RUS measurements are not or are only slightly sensitive to microcracks considering the very low half range value for G LT . This can be explained by the very small displacement that occurs during the sample vibration.
Apart from these discrepancies, the mean elastic moduli were not significantly different, compared to the HMRs, between the static, RUS, and US measurements. It can be safely concluded that all the moduli of the recent oak are "statistically" equivalent despite the difference in loading frequencies. This statement is in agreement with that of Gonçalves et al. (2011) . Comparison with literature data, compiled in Table 1 , shows a general agreement if differences in density are taken into account. For example, E L is roughly proportional to ρ (Guitard and El Amri 1987) , and E L /ρ~23.10 6 m 2 s -2 for de Borst et al. (2012) and Volkmer et al. (2014) , whereas E L /ρ~22.10 6 m 2 s -2 in the present case for both static and RUS values.
The Poisson's ratios are compared in Figure 5c and Table 1 . No general trend can be observed, and there is no obvious effect of the loading frequency on the Poisson's ratio. However, RUS measurements generally yield higher HMRs than the static test. Values obtained through static experiments are more reliable, as strain fields obtained for the whole area of the sample have been used. The relatively large scatter of the values determined by RUS can be explained by the very low sensitivity of the resonance frequencies to the Poisson's ratios (Longo et al. 2014) . The best agreement with literature data was obtained with the present static values, but there is a substantial difference between each reference. This shows that measuring these coefficients is still challenging and needs further development. Note that with the sample containing microcracks in the LT plane, it was not possible to measure the corresponding Poisson's ratio ν LT during the compression test (only one value is available in Table 1 ).
Vasa oak
For the Vasa oak samples, the mean RUS value for E L was 3.9 GPa higher (+37%) than the static one for HMRs of 1.4 and 1.55 GPa ( Figure 5a′ and Table 2 ). The high but similar measurement ranges for the RUS and compression tests were due to within-sample variability, e.g. differences in density (see the HMR for this parameter in Table 2 ) probably due to differences in PEG content, damage (Bjurhager et al. 2010) , or microstructural characteristics of the cell wall (Bader et al. 2015) . A significant difference between measurements obtained by the RUS and compression tests is observed as the difference in mean values was more than twice the HMR. This is particularly true for E R and E T as the differences in the mean values were +0.87 GPa (+59%) and +0.54 GPa (+60%), respectively, for about 0.02 and 0.15 GPa for the HMR of the RUS and compression tests, respectively. These differences in Young's moduli are presumably due to the viscous effect of PEG impregnation, in addition to the strong reduction in elastic moduli, especially in the transverse (R and T) directions, as reported by Bjurhager et al. (2012) . Vasa oak clearly shows a more viscous behavior than the recent oak, with a more pronounced stress-strain hysteresis response during the static test ( Figure 2 ) and a lower quality factor, i.e. the width of the resonance peak divided by the resonance frequency, for each resonance frequency peak of the RUS spectra ( Figure 3) . A clear general trend was also observed in the case of the shear moduli ( Figure 5b′ and Table 2 ), where the HMRs are considerably smaller than those of the recent oak samples, especially in the case of the static test. The reason for this reduction is not clear and needs clarification. The differences between the mean values obtained between RUS and the static test, from +0.08 GPa (+11%) for G LR to +0.28 GPa (+46%) for G LT , were again significantly larger than the HMR, e.g. around 0.02 GPa for both methods. This increase in the shear moduli with increasing loading frequency is probably due to the viscous effect of the PEG impregnation, and its variable effect on each shear modulus still awaits an explanation. This sensitivity to the loading frequency is logically confirmed by the US transmission measurements that yield higher values than the RUS values. Moreover, the shear moduli, and especially G RT , of the Vasa oak wood are on average drastically decreased as much as the Young's moduli by the PEG plasticisation.
The Poisson's ratios are compared in Figure 5c′ and Table 2 . As in the case of the recent oak samples, no general trend was observed, and there was no obvious effect of the loading frequency on the Poisson's ratio. Again, the values obtained through static experiments are more reliable than the RUS results (Longo et al. 2014 ). An interesting observation is that the Poisson's ratios for Vasa oak are almost the same as those of the recent oak, which suggests that PEG impregnation has a negligible effect on the Poisson's ratios.
Conclusions
RUS and static mechanical experiments have both advantages and drawbacks. In the case of the RUS technique, the speed at which the experiment is performed is the main advantage together with the easy and robust identification of the shear moduli. The small amount of material required can also be a benefit in the case of archaeological material. The RUS tests can be performed in different environmental conditions and do not require spacious installations, because the measuring device is relatively small. However, identification of all the elastic constants can be very challenging, especially in the case of the Poisson's ratios. On the other hand, classical static material testing requires more steps during the experiments, such as the installation and changing of setups for different experiments. Moreover, it is also difficult to achieve a pure compressive or pure shear loading in a representative volume of the specimen during static testing. However, the results reflect the actual quasi-static elastic parameters (RUS delivers dynamic parameters) more realistically under real loading conditions. Thus, the two techniques complement each other. A beneficial combination of both methods would allow accurate characterisation of all elastic constants of a single wood sample. By combining these two tests, the full elastic tensor and both dynamic and static elastic properties can be obtained on a single sample. In the present study, shear moduli and Poisson's ratios were determined for the Vasa oak, and the dependence of the data on the loading frequency was estimated.
